The synthesis of purines through dehydration and condensation of formamide is a potential abiotic source of nucleobases. It has been reported since the 1950s that heating formamide to near boiling generates purine in high yield (> 70 %).
[1] The scope of this formamide condensation has been broadened by the identification of multiple biologically relevant products, including nucleobases and amino acid derivatives, from both neat and mineral-doped formamide. [2] [3] [4] Mechanistic pathways to purines have been proposed, [3] [4] [5] [6] [7] [8] though there are significant variations between routes leading to related products. Herein, data is presented suggesting a common pathway for the abiotic syntheses of both purine and adenine from formamide; the proposed route is also highly reminiscent of the biosynthesis of purine nucleobases (Scheme 1). This is the first evidence suggesting that a glycine derivative is a critical intermediate in purine synthesis from formamide, and that this glycine backbone forms a scaffold for purine ring production in the same orientation as in purine ring biosynthesis. Parallels between nucleobase biosynthesis and plausible abiotic syntheses may allude to the origins of this metabolic pathway. [9] Abiotic nucleobases and their analogues have been identified in meteorites, [10] spark discharge experiments, [11] and hydrogen cyanide (HCN) condensation reactions. [12] [13] [14] [15] Typical laboratory procedures call for one to 15 m HCN in aqueous ammonia at 25-70 8C. [12] [13] [14] Analyses of the nonphotochemical, mechanistic route from HCN to adenine have been conducted by Oró, Orgel, and Ferris. [12] [13] [14] [15] Briefly, diaminomaleonitrile (DAMN), a relatively stable HCN tetramer, has been identified as an important intermediate. It provides the ring junction scaffold that subsequently closes to an imidazole and then a bicyclic purine, through reaction with cyanide-derived formamidine (Scheme 2). In aqueous ammonia, hydrogen cyanide is partially aminated to formamidine, and hydrated to formamide and ammonium formate (Scheme 3). Reactions that replace the aqueous ammonia with formamide are also consistent with the DAMN mechanism; adenine carbons C 4 , C 5 , and C 6 are derived from HCN, while formamide provides C 2 and C 8 (Scheme 2). [5] The synthesis of nucleobases in neat formamide has also been investigated. [2] [3] [4] [5] [6] [7] The abiotic concentration of formamide, arising from dilute aqueous mixtures by evaporation, is more plausible than that of HCN. Formamides vapor pressure is lower than that of both HCN and water, with Scheme 1. A glycine scaffold (blue) forms the ring juncture in the proposed abiotic pathway (a), in a manner reminiscent of the biosynthesis of purine nucleotides (b) . Scheme 2. Literature-proposed route of non-photochemical adenine formation from HCN. [13] [14] [15] Red labels track cyanide carbon atoms. Formamidine carbon atoms are unlabelled, though formamidine may be derived by the amination of HCN. AICN = 5-aminoimidazole-4-cyanide a wide liquid range at atmospheric pressure (2-210 8C). Dehydration of formamide to cyanide, though slow, [16] yields the carbon nucleophile necessary for the synthesis of complex organic compounds.
Purine is the most abundant nucleobase derivative produced by heating neat formamide. [2] Experimental and computational data support a pyrimidine-first mechanism in reactions starting from equimolar concentrations of HCN and formamide (Scheme 4). [7] This pathway bears little resemblance to the DAMN-based adenine synthesis from HCN and is complicated by the requirement for an in situ reduction. Pathways from formamide to adenine have been theorized to progress though pyrimidine [3] or DAMN [4] intermediates, though mechanistic experiments have not been conducted.
The mechanistic pathway presented herein begins with the dehydration of formamide to cyanide (Scheme 5). [16] Subsequent formylation and dehydration (formiminylation) generates 2-iminoacetonitrile (I, Scheme 5), a strong electrophile capable of progressing to either purine or adenine.
In the pathway to purine, a Leuckart reduction, [17] using hydride generated from formate, produces 2-aminoacetonitrile, a dehydrated glycine equivalent (Scheme 5, II, R = H). Formiminylation of 2-aminoacetonitrile, followed by ring closing and tautomerization, generates 5-aminoimidazole (III, R = H). In our hands, glycine, 2-aminoacetonitrile (II), and 5-aminoimidazole (III) [18] produced purine (in 2 %, 10 %, and 31 % yields, respectively), when heated in 15 mol % ammonium formate in formamide at 150 8C for 18 h, our typical reaction conditions ( Supporting Information, Figure S1 ). Subsequent formiminylation of III may occur on either the imidazole carbon or the exocyclic nitrogen atom. [19] Elucidation of the correct regioselectivity was achieved by isolating intermediate IV (R = H), as its hydrolyzed 5-Nformyl amide, in a reaction from 2-aminoacetonitrile at reduced temperature (100 8C). The purified product was analyzed by mass spectrometry (m/z 112.31 found, m/z 112.05 expected). The 1 H NMR spectrum displays signals for two imidazole hydrogen atoms at d = 7.26 and 7.75 ppm, consistent with N-rather than C-formiminylation (Supporting Information, Figures S2-S4 ). Subsequent intermediates were not isolated, suggesting purine production was facile after the formiminylation of IV. A ring-closing addition and tautomerization of V p to VI p (p indicates intermediate on the pathway to purine), followed by an aromatizing elimination of ammonia, completes the pathway to purine.
Competing with hydride for 2-iminoacetonitrile (I) is an additional cyanide nucleophile, which reacts to generate 2-aminomalononitrile (II, R = CN) on the pathway to adenine. The formiminylation of 2-aminomalononitrile, followed by ring closing and tautomerization, produces 5-aminoimidazole-4-cyanide (AICN, III, R= CN). The progression of AICN to adenine proceeds by formiminylation and tautomerization to V a , ring closing to VI a , and a final tautomerization to adenine. In our hands, 25 mg of aminomalononitrile produced adenine in 17 % yield under typical reaction conditions. Hydrated isomers of III and IV (R = CN) have previously been identified in mineral-doped formamide condensation reactions.
[2c]
Consistent with the proposed mechanisms are product distributions resulting from varied starting concentrations of ammonium formate and cyanide. The pathways to purine and adenine compete for 2-iminoacetonitrile, thus an increased concentration of hydride-generating formate favors the reduction pathway to purine. A reaction of 5.0 mg of KCN in 1.0 mL of formamide favors adenine production over purine production by 5.5:1 (Table 1) . However, the same reaction, but with 15 mol % formate favors purine by over 6:1. [7] Red labels track cyanide carbon atoms.
Scheme 5. Proposed pathway for the formation of purine and adenine in formamide. Red labels track cyanide-derived carbon atoms, blue label tracks formate-derived hydride.
Correspondingly, increased cyanide favors adenine formation (Table 2) ; elevating the starting amount of KCN from 2-30 mg raises adenine yield by 140-fold while decreasing purine yield. The dependence of adenine formation on initial cyanide concentration is consistent with a reaction that is second-order in cyanide concentration, as expected from the proposed mechanism.
Cyanide is the source of a single carbon in the proposed mechanism to purine (red-label, Scheme 5); the previously described pyrimidine-based mechanism consumes two cyanide carbons (red-label, Scheme 4). Evidence supporting the proposed mechanistic pathway in formamide (with low concentrations of cyanide) was obtained by heating 14 mg of K 13 CN in 1.0 mL of 15 mol % ammonium formate in formamide at 165 8C for 2 h. The reaction produced a 3:2 ratio of adenine:purine, which were separated by reverse phase-HPLC (RP-HPLC) and analyzed by NMR spectroscopy and high-resolution mass spectrometry (MS). The m/z of the purine product was measured at 122.0555 (m/z 122.0548 predicted for mono-labeled purine, Figure S6 ). The 1 H NMR spectrum of the purine fraction displays three doublets , each arising from a single 1 H-13 C coupling, consistent with a mono-labeled product and the proposed mechanism (Figure 1 a) . The 13 C NMR spectrum has only one enhanced signal (d = 157.4 ppm), consistent with isotopic labeling at C 4 (Supporting Information, Figure S7 ). The production of di-labeled purine, as reported by Yamada et al., [7a] increases with initial cyanide concentration, though the mono-labeled species predominates even at 100 mg/ml of K 13 CN (100:17 by selective ion count, Supporting Information, Figure S6 , Table S1 ). An imidazole-first mechanism may also explain the di-labeled purine detected at high K 13 CN concentrations (Supporting Information, Scheme S1).
Reactions in formamide that begin with high initial concentrations of 13 C-labeled HCN generate tri-labeled adenine, [5] implicating a DAMN mechanism (Scheme 2). However, in our experiments, which contain low starting cyanide concentrations (K 13 CN) as a better model of 150-180 8C formamide, the adenine fraction is primarily diisotopically labeled, consistent with the proposed mechanism (Scheme 5).MS analysis of the product reveals m/z 138.0685 (m/z 138.0690 predicted for di-labeled adenine, Supporting Information, Figure S9 ). In the 1 H NMR spectrum, two aromatic adenine protons are each split by two 13 C atoms, resulting in a pair of doublet of doublets (8 peaks, Figure 1 b) . The 13 C NMR spectrum has two isotopically enhanced peaks consistent with C 4 and C 6 at d = 149.3 and 150.6 ppm, respectively (Supporting Information, Figure S9 , S10). The DAMN reaction pathway is observable as a minor secondary route; labeled carbon at C 5 (d = 113.9 ppm) split by C 4 (J = 256 hz) and C 6 (J = 304 hz) is consistent with the tri-labeled adenine expected for this pathway (Supporting Information, Figure S9 ).
In summary, we have described a unified mechanistic pathway to adenine and purine in formamide. The order and chemoselectivity of this route is reminiscent of purine biosynthesis. Observations of such similarities may help elucidate the evolution of early biotic metabolism. .
